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EFFECTS OF CARDIORESPIRATORY FITNESS ON COGNITIVE FUNCTION 
AND BRAIN PLASTICITY ON AGING ADULTS 
 
NICOLLE DE SIQUEIRA 
ABSTRACT 
 
 Alzheimer’s disease (AD) is a rapidly growing public health concern causing 
severe challenges to the health care system. Affecting the lives of more than 5 million 
Americans, it is characterized by brain-related morphological changes coupled with 
decrements in performance on tasks involving cognitive function such as those assessing 
memory and problem-solving abilities. Fortunately, current scientific research provides 
evidence that this trend towards rapid cognitive decline in older adults is 
not immutable, but rather can be attenuated through a simple adjustment to regular 
engagement in aerobic exercise.  
To date, numerous studies have associated regular cardiovascular 
exercise to changes in brain function and structure. In particular, aerobic exercise has 
been shown to have a direct effect on the hippocampus (HC), one of the earliest regions 
of the brain to be affected in AD, which plays an important role in learning and memory. 
Scientific research on animal models has demonstrated increased adult hippocampal 
neurogenesis (AHN), or the birth of new neurons, in the dentate gyrus (DG) subregion of 
the hippocampus as a response to increases in aerobic exercise. Such findings have led to 
the hypothesis that aerobic exercise can improve cognitive performance, more 
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specifically, hippocampal-dependent learning and memory, through the formation of new 
hippocampal neurons.  
Similarly, in human studies, previous research has shown that significant 
improvements in cardiovascular fitness are positively correlated with increased 
hippocampal volume. Structural increases in hippocampal volume are thought to be 
mediated by increased angiogenesis, or the generation of new blood vessels, which in 
turn are correlated with significant improvements in spatial memory, a task determined 
by memory function. 
The benefits of aerobic exercise, nonetheless, are not limited to the hippocampus. 
As people age, atrophy of the brain is also inclusive of the prefrontal cortex, a region 
implicated in planning and decision making. Scientific literature has shown, that similar 
to the hippocampus, increases in aerobic exercise, directly result to increases in grey 
matter volume in the prefrontal lobe and increases in white matter volume in the genu of 
the corpus callosum. Such structural changes in the prefrontal lobe are correlated with 
enhanced decision making on cognitive tasks, an essential component of executive 
function.  
For the purposes of this study, an effective method of evaluating whether changes 
in brain structure due to higher cardiorespiratory fitness have an association with 
cognitive function was through the administration of the Digital Clock Drawing Test 
(dCDT). The dCDT is a recently developed cognitive test based on the traditional Clock 
Drawing Test (CDT) that uses a digital pen and allows for the measurement of several 
parameters such as “Ink time” and “Think time.” Recent scientific studies report that such 
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parameters may have a potential enhanced sensitivity to detecting cognitive change as 
compared to the traditional CDT. Therefore, the dCDT has come forward as an 
advantageous approach for testing cognitive skills in aging individuals such as those 
assessing executive and motor function, and semantic memory, as it happens in real 
time.   
DCDT parameters such as total time to complete the clock drawing, total ink 
time, total think time, total ink length, and clock size have been shown to differ 
significantly among subjects of varying degrees of cognitive impairment such as AD, 
mild cognitive impairment (MCI), and healthy, non-demented controls. Patients who 
were clinically diagnosed as cognitively impaired spent a greater amount of time thinking 
and drawing on both the command and copy clocks conditions as compared to healthy, 
non-demented individuals. Similarly, patients affected by greater cognitive impairments, 
such as AD, tended to draw smaller clocks in terms of height and width of the clock face 
that required less total ink length to complete the clock drawing, when compared to 
healthy controls and MCI participants. Findings showed that AD patients appeared to be 
working longer (greater time of completion) though producing less output (smaller clock 
and shorted ink length) as compared to non-impaired individuals. Variations of 
graphomotor latencies in the dCDT performance, therefore, are associated with 
individual’s cognitive capacities.  
The goal of this study is to investigate the associations between cardiorespiratory 
fitness based on VO2 max testing and cognitive constructs such as memory, executive 
function, and gross motor processing speeds as measured by graphomotor latencies and 
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drawing patterns using the dCDT in healthy, non-demented older adults. I hypothesize 
that greater cardiorespiratory fitness will be negatively associated with graphomotor 
timed latencies in various parameters of the dCDT, given that exercise has known effects 
on the brain regions responsible for executive function and memory.  
To test these hypotheses, cardiorespiratory fitness and dCDT data from 12 
sedentary older adults between the ages of 55 and 85 years from a larger study in the 
Brain Plasticity and Neuroimaging Laboratory at Boston University were collected and 
analyzed. A multiple regression analysis was used to predict the dCDT measures from 
individual’s cardiorespiratory fitness using estimated VO2 max levels.  
Results showed that cardiorespiratory fitness in older adults is inversely 
associated with graphomotor times in both the command and copy test conditions as 
predicted by our hypothesis. In particular, greater cardiorespiratory fitness was associated 
with shorter total ink time for both clock drawing testing conditions. These results held 
when controlled for age, sex, and education; higher cardiorespiratory fit older adults 
performed better (a shorter time is needed to achieve the same outcome) on tasks 
requiring greater cognitive constructs such as memory, executive function, and motor 
processing speeds. 
Therefore, it can be concluded that cardiorespiratory fitness may be a 
neurodegenerative protector in aging adults supporting its beneficial role as a therapeutic 
agent for cognitive decline in older adults.  
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1. INTRODUCTION 
 
1.1. Alzheimer’s Disease and Aging 
 
Alzheimer’s disease (AD) is a global epidemic threatening the world’s aging 
population. With more than 26.6 million cases reported in 2006, AD ranks as the sixth 
leading cause of death in the United States, affecting the lives of more than 5 million 
Americans (“Alzheimer’s Disease & Dementia Association,” 2016; Brookmeyer, 
Johnson, Ziegler-Graham, & Arrighi, 2007; Heron, 2015). 
AD, a neurodegenerative disease accounting for 60-80% of dementia cases, is 
characterized by tau pathology and amyloid beta aggregations in different regions of the 
brain (“Alzheimer’s Disease & Dementia Association,” 2016; Braak & Braak, 1991). 
There are various presentations related to AD dementia. The most prevalent is 
anterograde amnesia, or one’s inability to form new memories (El Haj, Antoine, 
Nandrino, & Kapogiannis, 2016). Over the course of years, the pathological progression 
of AD can vary from mild to profound memory loss and behavioral impairment 
ultimately disrupting one’s capability to live independently and participate in everyday 
activities (“Alzheimer’s Disease & Dementia Association,” 2016).  
 In order to study brain health and deteriorations in neuropsychological disorders 
such as AD, we must first look at abnormal cognitive behaviors induced by natural aging. 
Natural human aging is known to cause both biological structural and psychological 
functional changes to the body (Glisky, 2007). In the brain specifically, age-related 
morphological changes are coupled with decrements in cognitive tasks such as memory, 
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attention span, and problem-solving abilities (Glisky, 2007). The elderly is placed at a 
much higher all-mortality risk due to rapid cognitive decline with age (St John, 
Montgomery, Kristjansson, & McDowell, 2002). Fortunately, current scientific research 
provides evidence that this trend towards rapid cognitive decline in older adults is not 
immutable, but rather can be attenuated with a simple adjustment to regular engagement 
in aerobic exercise.  
 
1.2. Physical Activity and Cognition 
 
In the recent years, research efforts have expanded to discover new and improved 
effective strategies to attenuate functional and structural changes in the brain associated 
with neuropsychological disorders and normal aging. In particular, an intervention that 
has shown great promise is physical activity (PA). Historically, PA has been known to 
have many health benefits and through the identification of modifiable risks factors in 
AD, PA has come forward as a potential therapy to delay brain atrophy and cognitive 
impairment in the aging geriatric population (Barnes & Yaffe, 2011). 
Engagement in regular PA, such as aerobic exercise, has been shown to reduce 
the risk of AD, slow down cognitive decline, and increase brain volume in healthy and 
cognitively impaired older adults (Kirk I. Erickson et al., 2011; Laurin, Verreault, 
Lindsay, MacPherson, & Rockwood, 2001; Rovio et al., 2010; Sofi et al., 2011). The 
World Health Organization, currently recommends that older adults ages 65 years and up 
should engage in a weekly minimum of 150 minutes of moderate intensity aerobic 
exercise (“The World Health Organization,” 2016). Likewise, The National Institute for 
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Health and Care Excellence recommends that older adults participate in regular 
endurance exercise in order to reduce risk of developing life altering disease such as 
dementia (“National Institute for Health and Care Excellence,” 2015). 
It is believed that through sustained aerobic exercise greater stress is exerted onto 
the body such as increased metabolic, respiratory and cardiovascular demands in 
comparison to a sedentary person (Voelcker-Rehage & Niemann, 2013). As an adaptation 
mechanism, studies have shown that the brain tends to alter in its functional and 
structural properties to meet the body’s new physical demands (Hötting & Röder, 2013).  
Examples of adaptations in the brain following aerobic exercise have been 
reliably observed in animal models. To date, numerous studies have associated regular 
cardiovascular exercise to changes in brain plasticity. In particular, aerobic exercise has 
been shown to have a direct effect on the hippocampus, which plays an important role in 
learning and memory (Firth et al., 2018). Scientific studies in rodents have revealed 
increased adult hippocampal neurogenesis (AHN), or the birth of new neurons, in the 
dentate gyrus (DG)  subfield of the hippocampus as a response to increased voluntary 
aerobic exercise performed by rodents on a running wheel (van Praag, Kempermann, & 
Gage, 1999). 
The discovery of AHN in the rat DG (Altman & Das, 1965) and subsequent 
discovery in humans (Eriksson et al., 1998) has led to further research examining the 
implications of the presented new neurons for cognition. Increased AHN in the DG have 
been demonstrated to contribute to improved performance in pattern separation tasks 
(Yassa & Stark, 2011). Pattern separation is a hippocampus-dependent computational 
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process important for memory formation that allow for the ability to encode similar 
stimuli into dissimilar, non-overlapping neural representations (Sahay et al., 2011). 
Enhancements in pattern separation tasks, therefore correlate to enhanced cognition. 
Comparable to AHN research findings, studies on HC volume changes as a result 
of aerobic interventions and varying cardiovascular fitness levels have presented a 
positive association between cardiorespiratory fitness, and cognitive constructs related to 
memory. For example, in a randomized-controlled trial designed by Erickson et al in 
2011, results showed that engagement in moderate-intensity aerobic exercise (three days 
a week) for a one-year period was associated with volume increases of the left and right 
HC by 2.12% and 1.97%, respectively, as compared to 1.40% and 1.43% HC volume 
decrease in the control group. Erickson et al., therefore, concluded that HC atrophy was 
attenuated in non-demented active older adults versus older adults who did not part take 
in any type of aerobic activity. The authors also concluded that an exercise intervention is 
effective in increasing the size of the HC with potential attributions to neurogenesis as 
well as increased levels of brain-derived neurotrophic factor (BDNF), a crucial protein in 
the blood that regulates and maintains the health of brain cells (Stillman, Cohen, Lehman, 
& Erickson, 2016). All in all, Erickson et al.’s findings further supports the idea of 
aerobic exercise has known effects on the brain regions responsible for memory (Kirk I. 
Erickson et al., 2011).  
The benefits of aerobic exercise, nonetheless, are not limited to the hippocampus. 
As people age, decrements to the hippocampus that lead to a decline in cognitive function 
are also noted in the prefrontal lobe, a region implicated in planning and decision making 
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(S. J. Colcombe et al., 2004). Scientific research has shown, that like the hippocampus, as 
a response to increased cardiorespiratory fitness, greater grey matter volume in the 
prefrontal region and greater white matter volume in the genu of the corpus callosum is 
seen as compared to less fit individuals (S. Colcombe & Kramer, 2003). 
For example, in a cross-sectional study involving 41 participants who underwent 
cardiorespiratory fitness testing, significantly greater activation in several cortical regions 
of the brain associated with attention was shown in higher-fit older adults as compared to 
lower fit individuals (S. Colcombe & Kramer, 2003). Higher fit older adults, likewise, 
were much more efficient in performing cognitive tasks that dealt with conflicting cues, 
assessing execution function constructs, than lower fit individuals. Consistent with 
previous literature, these basic patterns in older adults who tested high in cardiovascular 
fitness demonstrate increases in grey and white matter in the prefrontal cortex associated 
with effective attention and executive control (S. Colcombe & Kramer, 2003).    
Data from human behavioral paradigms, both observing effects on the 
hippocampus and prefrontal cortex, all suggest that cardiorespiratory fitness is directly 
associated with behavioral measures of memory, attention, and executive function (K. I. 
Erickson & Kramer, 2009). The cognitive functioning appears much more efficient and 
adaptive when influenced by aerobic training, and animal models have shown that 
exercise increases AHN and neuronal survival which may be an underlying mechanism 
for the improvement of  not only hippocampal-dependent memory (van Praag et al., 
1999), but also of other cognitive constructs, including attention and executive function. 
 
 6 
1.3. Digital Clock Drawing Test 
  
One effective method of evaluating whether changes in brain structure due to 
higher cardiorespiratory fitness are associated with cognitive function is through the 
administration of neuropsychological tests (Shulman, 2000). Due to its simplicity, 
affordability, and reliability, cognitive screening tests are often one of the first steps taken 
by clinicians to detect dementia or other neuropsychiatric syndromes (Shulman et al., 
2006). 
In the recent decade, major developments in cognitive testing have been 
accomplished with the Digital Clock Drawing Test (dCDT). The dCDT is a cognitive 
screening test, in which technology has been incorporated, that has provided numerous 
advantages over standard cognitive screening tests, such as the Montreal Cognitive 
Assessment (MoCA) or the Mini-Mental State Examination (MMSE), in that it has the 
ability to capture and analyze subtle neurocognitive behaviors of both path and the end-
product of the final clock drawing as it unfolds in real time (Piers et al., 2017; Souillard-
Mandar, Davis, Rudin, Au, Libon, et al., 2016). 
The off-the-shelf digitizing ball point pen from Anoto used to administer the 
dCDT looks and feels just as a regular pen, however, unlike a regular pen, it has the 
ability to capture key decision making points, with extreme accuracy, as the pen makes 
contact with a coded paper (Davis, Libon, Au, Pitman, & Penney, 2015; Piers et al., 
2017). As compared to traditional cognitive screening tests, the dCDT has the capacity of 
revealing features of the clock drawing process, such as pauses or hesitations, previously 
not viewable to the naked eye (Müller, Preische, Heymann, Elbing, & Laske, 2017; 
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Souillard-Mandar, Davis, Rudin, Au, & Penney, 2016). For example, over 500 properties 
of the dCDT are rapidly computed with the ClockSketch software (Piers et al., 2017). 
Each property has been purposely designed to capture differing aspects of cognition in an 
aging adults (Davis et al., 2015). Pen stroke variations in the command condition of the 
dCDT test allows for certain aspects of cognition such as language and memory to be 
challenged. Similarly, pen stroke variations in the copy condition of the test evaluates 
behavioral measures of spatial planning and executive function (Piers et al., 2017).  
The dCDT is believed to be a useful diagnostic tool when evaluating memory and 
executive function impairment in older adults. As presented in previous studies, clock 
drawing graphomotor latencies and variable processing times in areas such as total time 
the pen spent in contact with the paper (Total Ink Time) and total time pen spent not in 
contact with the paper (Total Think Time) in both the command and copy conditions of 
the dCDT are known to be associated with various stages of cognitive impairment, as 
shown MCI and AD patients (Penney et al., 2014).  
In a study comparing dCDT performance between AD, MCI, and healthy 
controls, time and pen ink dependent variables classified by ClockSketch proved to be of 
great value in classifying drawing patters of different stages of cognitive impairment. 
Differences in time of each individual performance revealed consistent patterns of 
variability in individuals of similar cognitive abilities. Results showed that greater 
impaired individuals, based on neuropsychological dysfunction, consistently appeared to 
be working harder to complete their clocks, as told by total time of completion and ink 
time even though they were producing normal-appearing final outputs (Penney et al., 
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2011). Patients who were diagnosed as more severely cognitively impaired, such as AD 
patients, spent a greater amount of time thinking and drawing on both the command and 
copy clocks conditions versus less impaired individuals (Penney et al., 2014). Such 
findings led me to choose total clock drawing time, total ink time, percent think time and 
percent ink time as some of my primary outcome measures in evaluating cognitive 
impairment in aging adults of different cardiorespiratory fitness levels. 
Another distinguishing parameter found when examining dCDT variables was the 
actual size of the clock that participants were drawing and the total ink length required to 
draw each clock. Patients affected by greater cognitive impairment, such as AD, tended 
to draw smaller clocks in terms of height and width of the clock face and had shorter total 
ink lengths, when compared to healthy controls and MCI participants and spent a greater 
total amount of ink to complete bigger sized clocks (Penney et al., 2014). Such findings 
led me to select the clock size measure and total ink length as and additional outcome 
measure of cognition in older adults of differing fitness levels.  
The overall findings on dCDT performance on individuals of varying cognitive 
abilities has proven to show that greater cognitively impaired individuals work longer and 
harder (greater time of completion) in the path production of the clock drawing and 
produce less output (smaller clock and shorted ink length) as compared to healthy non-
impaired individuals (Cohen et al., 2014).  
Through the analysis of such parameters sensitive to cognitive dysfunction as 
those associated with aging, AD, MCI, examiners are able gather more detailed 
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information about the cognitive status of aging healthy older adults. We no longer have to 
wait for people to look impaired to detect genuine impairment in an individual.  
All in all, use of Artificial intelligence (AI) on data acquired from the dCDT has 
allowed for the reveal of new cognitive processes underlying the performance that had 
not been noticed before bringing forward the opportunity to use the dCDT as a sensitive 
marker of cognitive change in healthy older adults categorized in varying 
cardiorespiratory fitness levels or undergoing an exercise intervention. 
 
1.4. Goals and Hypotheses 
 
The primary goal of this research study is to investigate the relationship between 
cardiorespiratory fitness based on VO2 max testing and cognition through the analysis of 
graphomotor latencies and drawing processes using the dCDT in healthy, non-demented 
older adults.  
I hypothesize that greater cardiorespiratory fitness will be negatively associated 
with graphomotor timed latencies in various parameters of the dCDT, given that exercise 
has known effects on the brain regions responsible for executive function, attention, and 
memory.  
Based on this hypothesis I predict that:  
 1. Higher fit individuals will have a faster total time of completion in both the command 
and copy versions of the dCDT as compared to lower fit individuals. 
2. Higher fit individuals will have a faster total ink time in both the command and copy 
versions of the dCDT as compared to lower fit individuals. 
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3. Higher fit individuals will have a lower percent think time in both the command and 
copy versions of the dCDT as compared to lower fit individuals. 
4. Higher fit individuals will draw a bigger clock (have a bigger clock size) in both the 
command and copy versions of the dCDT as compared to lower fit individuals. 
5. Higher fit individuals will have a greater total ink length (mm) in both the command 
and copy versions of the dCDT as compared to lower fit individuals. 
A positive outcome of the proposed hypothesis will provide support that greater 
cardiorespiratory fitness, and by inference, moderate-intensity endurance exercise may 
improve memory and executive function in older adults. Thus, further reassuring that 
aerobic exercise would be an effective intervention for enhancing cognition and delaying 
cognitive decline in aging adults and AD patients. 
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2. METHODS 
 
2.1. Participants 
 
Participant data for this study was collected by the Brain Plasticity and 
Neuroimaging Laboratory at the Boston University School of Medicine as part of a larger 
study on the feasibility of using physical activity monitoring for enhancing cognition in 
healthy seniors. Participants (8 females; 4 males) were non-smoking, native English 
speakers between the ages of 55 and 85 years (mean age 67.75; SD = 7.75) who have 
been living a sedentary lifestyle. As defined by the American College of Sports Medicine 
guidelines, a sedentary lifestyle is one in which a person is not participating in at least 30 
minutes of physical activity for at least three days a week for a time period of at least 
three months (American College of Sports Medicine, Thompson, Gordon, & Pescatello, 
2010). Furthermore, participants self-reported no neurological or psychiatric conditions 
as well as no history of epilepsy, cardiorespiratory disease, metabolic disorder, or 
musculoskeletal impairment at the time or at least 5 years prior to the start of the study. 
Participants were also noted to not be taking any cardio-active or psychoactive 
prescription medication.  
Thirteen study participants were pulled from the database who completed both 
baseline cardiorespiratory fitness tests and digital clock drawing tests. One participant 
was excluded from analysis due to inaccurate data collection during fitness testing from a 
technical malfunction with the heart rate monitor. This resulted in a total of 12 
participants included in the data analysis. Table 1 shows demographics for all of the 
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participants analyzed. All participants provided signed, informed consent, approved by 
the Boston University School of Medicine, prior to participation in the study. 
 
 
 
 
Table 1: Study Participants Demographics 
 
 
 
 
 
 
 
 
 
This table represents the participant demographics relevant to this study.  
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2.2. Cardiorespiratory Fitness Test:  
 
Cardiorespiratory fitness (VO2 peak) was assessed by a submaximal graded 
exercise test on a motor-driven treadmill with heart rate and blood pressure monitored 
and recorded at constant timed intervals (American College of Sports Medicine et al., 
2010; Cooper & Storer, 1999). Participants were instructed to walk on the treadmill at 
fixed speeds slightly faster than their normal walking pace. Speeds and grades were 
chosen by the exercise technician so that each participant walked at a relatively 
comfortable pace. The submaximal graded exercise test begins with a three-minute 
warm-up until predetermined speed is reached. Once the treadmill reaches the 
predetermined speed, the technician administering the test progressively increases the 
incline on the treadmill at 1-minute intervals until the participant has reached 85% of 
their age-predicted maximum heart rate or 70% of heart rate reserve (Cooper & Storer, 
1999). Heart rate reserve is calculated by subtracting their heart rate at rest from their 
age-predicted maximum heart rate of a participant (Cooper & Storer, 1999). Once 85% of 
the age-predicted maximum heart rate is reached, the submaximal treadmill test is 
terminated and the participant is accommodated to a three to five-minute cool down 
before they step off the treadmill.  Furthermore, throughout the administration of the test, 
participants are asked, at three-minute intervals, to rate how hard they believe to be 
exercising using the standard 15-grade scale for ratings of perceived exertion (RPE) 
(Borg, 1982). 
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Calculated VO2 max for each participant was approximated to the age and sex 
predicted maximum heart rate using data collected from the modified Balke treadmill test 
and the American College of Sports Medicine (ACSM) metabolic equation for Gross 
VO2 for walking: 
     
            𝑉𝑂2 = 0.1𝑚𝑙/𝑘𝑔·𝑚𝑖𝑛 × 𝑆+1.8𝑚𝑙/𝑘𝑔·𝑚𝑖𝑛 𝑆𝐺+3.5𝑚𝑙/𝑘𝑔·𝑚𝑖𝑛 
                     
In this equation, 𝑉𝑂2 represents gross oxygen consumption (𝑚𝑙 ⁄ (𝑘𝑔 · 𝑚𝑖𝑛)), S 
represents speed (𝑚/𝑚𝑖𝑛), and G represents the percent of the treadmill grade as a 
fraction (American College of Sports Medicine et al., 2010). 
The 85% age-predicted maximum heart rate assigned to each participant were 
calculated by the formula:  
 
HRmax = 206.9 - (0.67 × age)  
85%HRMax = HRmax × 0.85) 
 
All graded exercise testing protocol and termination criteria followed the 
recommendations of the American College of Sports Medicine (American College of 
Sports Medicine et al., 2010; Cooper & Storer, 1999).  
Prior to starting the cardiorespiratory fitness testing, all study participants were 
acclimated to the general environment and test procedures. Cardiorespiratory fitness 
testing was terminated prematurely, if any of the participants failed to conform to the 
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exercise testing protocol, experienced adverse signs or symptoms, requested to stop, or 
experienced an emergency situation. 
 
2.3. Digital Clock Drawing Test: 
 
The dCDT was administered to 12 healthy sedentary older adults of varying 
cardiorespiratory fitness levels. Before administering the test, the examiner is instructed 
to fold the dCDT coded paper in half, diving the command and copy clocks on different 
sides of the paper. In doing so, this allows the examiner to present the test to the 
examinee without giving away the printed copy clock on the back, therefore refraining 
from altering the examinee’s performance. Once the test is ready to be administered, the 
administrator uses the digital Anoto pen to place a check mark on the top right of the 
paper signaling the start of the test. Any movements after the check mark has been placed 
will be evaluated as movements by the participant in completing the clock drawing.   
Using standard administration procedures championed by Edith Kaplan, Ph.D., all 
participants are then instructed to draw the face of a clock, with all the numbers present, 
setting the hands for 10 after 11 (Nyborn et al., 2013). Upon finishing the command test 
condition all participants were then shown a model of the clock and asked to copy the 
picture of the clock that the subject saw.  
The participant has an unlimited amount of time to complete the clock. Once the 
participant is done with the copy clock, a checkmark at the bottom of the page is drawn to 
signal the end of the clock drawing tests.  
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Graphomotor decisions and movements made by each participant was assessed 
through the dCDT Clocksketch software (Piers et al., 2017). The Clocksketch software is 
a computer scoring program of which it is used to interactively classify strokes of each 
participant’s performance (Piers et al., 2017). The time and ink length required to draw  
each sector of the clock is likewise captured and recorded by the ClockSketch software 
and categorized as part of the clock face, digits, clock hand, or noise. Figure 1 
demonstrates an example of a classified clock by the ClockSketch software from one of 
the study’s participants. 
Additionally, the ClockSketch software has the capacity to enlarge a clock 
drawing up to 100x and play the drawing development forwards and backwards at 
different speeds, just as if it were a movie (Piers et al., 2017). 
For the purpose of this study, six timed variables were evaluated. Participants 
were compared on total clock drawing time (TTC), total ink time without the clock’s 
center dot (Total Ink Time w/o CC), Percent time thinking without the center dot (% time 
thinking), clock size (measured in millimeters), and total ink length without the center dot 
(measured in millimeters) (Penney et al., 2014). Variables without the center dot included 
were chosen due to the fact that not all participants drew a center dot in their final clocks 
of the dCDT. Table 2 displays all the time variables evaluated in this study as defined by 
Piers et al 2017 and Penney et al 2014.  
In addition to scoring each of the clocks digitally through the ClockSketch 
application, each dCDT was also scored using a traditional CDT scoring method created 
by Shulman as a form of validation for my dCDT measures when analyzing the data 
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(Grant & Adams, 2009).The Shulman traditional scoring method is based on a number 
scale ranging from zero to five, with five being a perfect clock, non-impaired clock and 
zero being a severely impaired clock (Grant & Adams, 2009). 
With traditional CDT scoring methods, since it is a paper-and-pencil test, there 
are limitations to what parameters examiners can view. Therefore, the only variables 
present with traditional CDT scoring method, in particular the Shulman method, is the 
clinical assessment. The criteria for evaluating pre-drawn clocks using a traditional 
scoring method consists of ranking each subject’s drawing on a scale from five to zero, 
with five being a perfect clock, non-impaired clock and zero being a severely impaired 
clock (Shulman, 2000). 
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Figure 1: ClockSketch Software graphomotor classifications  
 
The image represents a snapshot of the ClockSketch software. This program has the 
ability to assess dCDT drawing movements as captured by the Anoto pen. It classifies 
each pen stroke as an element of the clock such as clock face, hands, and digits and 
separates each element into categories with a time stamp. Such detail captured by the 
software allows researchers to pick up on any subtle latency found in the production of 
the clock drawing related to memory or executive function (Davis et al., 2015). 
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Table 2: Digital Clock Drawing Time Variables 
 
 
 
 
 
 
Variables selected for this study are sensitive to cognitive dysfunction such as aging, AD, 
MCI. How each participant allocates time in each of these parameters can be very telling 
of a participant’s cognitive statues, therefore of value diagnostically. 
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2.4. Statistical Analysis 
 
A multiple regression analysis was used to examine the effects of 
cardiorespiratory fitness based on VO2 max levels on different test parameters assessing 
cognitive function of the dCDT as well as the traditional CDT while controlling for 
physiological sex, age, and education. VO2 max percentile was represented as a 
continuous range from 0 to 100, physiological sex was interpreted as a binary input 
(Males = 1; Females = 2). Education was represented by the highest grade (or year) of 
regular school participant has completed (ex. High School = 12).  
After determining the linear regression model for each dCDT parameter, the R-
squared value and p-value were calculated across all participants. A linear regression 
model was determined to be statistically significant if p < 0.05. However, in order to 
adjust for a multiple comparisons problem an adjusted alpha value of (p < 0.008) was 
used. All analyses were conducted using IBM SPSS Statistics 24. 
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3. RESULTS 
 
3.1. VO2 max Calculations Represent Cardiorespiratory Fitness 
 
Cardiorespiratory fitness testing was successfully carried out with 12 sedentary 
healthy older adults. Using data collected by the submaximal graded exercise treadmill 
test alongside the ACSM metabolic equation for gross VO2 for walking, participants VO2 
max and fitness percentiles ranged from 14.6 ml/kg/min to 33.33 ml/kg/min and 0th 
percentile to the 82nd percentile, respectively, for age and sex predicted VO2 max 
calculations as shown in figures 2 and 3. The mean VO2 max over all participants is 
26.08 ± 6.6 ml/kg/min (Mean ± Standard Deviation) while the mean fitness percentile 
over all participants is 31.08 ± 29.5% (Mean ± Standard Deviation). The median VO2 
max is 25.8 ml/kg/min. The VO2 max did not differ significantly by sex (p = 0.177) or by 
age (p = 0.310), however it did differ significantly by education (p = 0.002) suggesting a 
positive association between higher cardiorespiratory fitness and higher levels of 
education. Based on the data, a respectable variation was presented considering the small 
sample size and the fact that all older adults participating were considered sedentary.  
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Figure 2: Distribution of Participant VO2 Max by Sex 
 
 
 
 
 
 
 
 
Figure 2 represent the distribution of participant cardiorespiratory fitness as estimated by 
VO2 max based on physiological sex.  
 
Figure 3: Distribution of Participant VO2 Max Percentiles by Sex 
 
 
 
 
 
 
 
Figure 3 represent the distribution of participant cardiorespiratory fitness based on fitness 
percentiles and physiological sex. A majority of the sample size was found to be below 
the 50th fitness percentile. 
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3.2. Cardiorespiratory Fitness Linearly Predicts Total Ink Time 
 
A multiple linear regression analysis was used to predict the dCDT parameter 
measures based on each individual’s VO2 max. VO2 max was found to be a significant 
predictor of the total ink time in the command (F(4,7) = 2.777, p < 0.003, R2 = .474) but 
not the copy (F(4,7) = 3.612, 𝑝 < 0.025, R2 =.635) conditions of the dCDT while 
controlling for sex, age, and education. Figure 4a and 4b demonstrates statistical graphs 
for which study participants total ink time in both the command and copy conditions were 
assessed in relation to cardiorespiratory fitness. Higher fit individuals based on VO2 max 
displayed lower total ink time in dCDT performances for both the command and copy 
conditions. Other variables such as Total Time for Completion (p < 0.278), Percent ink 
time (p = 0.215), Percent Think time (p < 0.215), Total ink length (p = 0.207), and Clock 
size (p = 0.163) in the command test condition and Total Time for Completion (p < 
0.127), Percent ink time (p = 0.366), Percent Think time (p < 0.366), Total ink length (p 
= 0.208), and Clock size (p = 0.168) in the copy test conditions, were found to have no 
significant associations when analyzing VO2 max. For a list of all multiple linear 
regression models and p-values relating the parameters measured by the dCDT, refer to 
Table 3a and 3b.  
When using a multiple linear regression analysis to examine traditional CDT 
scores, a significant relationship was found (F(4,7) = 2.691, 𝑝 < 0.031, R2 = .606; note I 
used p <  0.05 since only one variable was tested for the traditional CDT between VO2 
max and traditional CDT scores. Higher fit individuals based on VO2 max are positively 
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correlated to greater CDT scores. The mean traditional CDT score over all participants is 
4.83 ± .39 (Mean ± Standard Deviation). 
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Table 3a. Multiple Regression Models: VO2 Max and dCDT Time Variables for 
Command Clock Conditions 
 
 
 
 
 
The table above provides the multiple regression model for each dCDT variable, with 
age, sex, and education as covariates, for the command condition of the dCDT. A 
correlation coefficient (r), coefficient of multiple determination (r2), and VO2 max p-
value were calculated for each chosen dCDT biomarker associated with a cognitive 
decline. The P-values with asterisks denote a statistically significant model (p > 0.05). 
 
Table 3b. Multiple Regression Models: VO2 Max and dCDT Time Variables for 
Copy Clock Conditions 
 
 
 
 
 
The table above provides the multiple regression model for each dCDT variable, with 
age, sex, and education as covariates, for the copy condition of the dCDT. A correlation 
coefficient (r), coefficient of multiple determination (r2), and VO2 max p-value were 
calculated for each chosen dCDT biomarker associated with a cognitive decline. The P-
values with asterisks denote a statistically significant model (p > 0.05). 
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Figure 4a. Command Clock Total Ink Time Partial Regression Plot 
 
 
 
 
 
 
 
 
 
 
 
 
 
This figure displays partial regression plot for Total ink time in the command condition: 
As expected this plot is representative of a negative correlation between VO2max and Ink 
Time. 
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Figure 4b. Copy Clock Total Ink Time Partial Regression Plot 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This figure displays partial regression plot for Total ink time in the copy condition: As 
excepted this plot is representative of a negative correlation between VO2max and Ink 
Time. 
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4. DISCUSSION 
 
4.1. Relationship between Cardiorespiratory Fitness and Cognition  
 
Based on previous research, it can be concluded that baseline cardiorespiratory 
fitness, as measured by VO2 max, has a direct effect on cognitive constructs related to 
memory and executive function in older adults. Similarly, as presented by prior studies, 
graphomotor variations in dCDT performance in older adults of different degrees of 
cognitive ability is directly associated with cognitive constructs, including memory, 
executive function, and motor processing speeds which are required to complete the 
clock drawing task.  
This study was aimed to investigate an association between cardiorespiratory 
fitness and cognition through the assessment of dCDT performance. As shown by our 
results, cardiorespiratory fitness in older adults was inversely associated with 
graphomotor latencies, such as total ink time, as predicted by our hypothesis.  
More specifically, greater fitness was associated with shorter total ink time for 
both clock drawing testing conditions. As noted in previous research, dCDT test 
condition are purposely designed to measure different cognitive constructs (Piers et al., 
2017). Therefore, a significant negative association in total ink time in the command 
clock condition is indicative of less memory impairment in comparison to a lower fit 
induvial. Similarly, a significant association between higher fit individuals in total clock 
ink time, is associated to the belief that higher fit individuals perform better in tasks 
requiring cognitive constructs such psychomotor skills, an essential component of 
executive function.  
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Such findings led to the realization that when controlled for age, sex, and 
education, our results further reassure that higher fit older adults performed better on 
complex tasks requiring the interplay of several cognitive constructs associated with 
memory and executive function. 
 
 
4.2. Limitations 
 
Although some expectations were confirmed, when analyzing our data, it is 
important to consider the limitations of our study. Using a hypothesis-driven approach, a 
multiple regression analysis may cause certain limitations due to our small sample size. 
Since it is a parametric statistic, certain assumptions such as the normal distribution of 
the underlying data may be violated. Therefore, a larger sample size would create a 
stronger model and yield further significant predictive information.  
When analyzing the association between traditional CDT score and VO2 max, it is 
also important to note that our sample of participants are made up of all non-demented 
individuals, therefore a lack of variability will be present in the Shulman scoring method, 
thus affecting the statistical power of the p-value computed.  
Similarly, the lack of variability in fitness, due to the small sample size made up 
of sedentary healthy older adults, could potentially reduce the statistical power of our 
analyses, which were based on examination of associations. In our sample only ¼ of our 
participants ranked about the 50th fitness percentile according to their sex and age 
predicted values.  
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 Another limitation present was the fact that only baseline cardiorespiratory data 
was accessible when examining our associations. Lack of an exercise intervention 
designed to increase VO2 max in sedentary older adults limited us to establishing a cause 
and effect relationship in which cardiorespiratory fitness is manipulated and dCDT 
performance is examined as a result of the manipulation. 
 
4.3. Future Directions  
Going forward, a bigger sample size of greater cardiorespiratory variability would 
be a better representation of the association between aerobic exercise and dCDT 
performance. Increasing the cardiorespiratory variability, such as recruiting more 
participants above and below the 50th fitness percentile, would increase testing 
significance and further reassure the association between any noted dCDT graphomotor 
latencies associated with age related cognitive decline in a healthy older adult population.   
Similarly, acquiring a sample size of individuals of varying cognitive abilities, 
such as recruiting healthy, non-demented individuals as well as individuals who are MCI 
and/or diagnosed with AD, would increase the ability to detect and monitor cognitive 
impairment in a subject independently of the final drawing product they produced. Such 
changes would increase the testing significance of aerobic exercise acting as a modulator 
of cognitive impairment.  
Additionally, it would be beneficial to look at the effects of exercise as 
constructed from an aerobic intervention viewpoint. Establishing an exercise intervention 
would determine a cause and effect relationship of how cardiorespiratory fitness may act 
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as a predictor of cognitive function in populations of healthy older adults. Subjects can be 
randomly assigned to either an endurance or a balance and flexibly, control, group. 
Observing the effects of manipulating cardiorespiratory fitness would further support the 
hypothesis that increased aerobic activity acts as a predictor of cognition in older adults.  
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5. CONCLUSION 
 
In conclusion, the multiple linear regression results confirm the predictive nature 
of cardiorespiratory fitness in one out of the six dCDT cognitive constructs represented in 
this study responsible for executive function and memory. Patients with higher levels of 
cardiorespiratory fitness appear to spend less time drawing (less ink time), as predicted 
by greater psychomotor processing speeds, an essential component of working-memory 
and executive control. As literature presents, such patterns in graphomotor latencies are 
consistent with the belief that greater cognitively impaired individuals work longer and 
harder in the path production of drawing a clock while producing less total output 
(smaller clock and shorted ink length) as compared to a healthy non-impaired individual.  
A confirmation of the proposed hypothesis that higher fit individuals will display 
shorter graphomotor latencies provides support that cardiorespiratory fitness, and by 
inference, moderate-intensity endurance exercise may improve semantic memory, 
psychomotor processing speed, and executive function in older adults.  
Study findings likewise support the idea that the level of effort necessary and 
amount of ink produced as measured in the dCDT may be useful biomarkers for detecting 
and monitoring cognitive impairment in aging older adults. Results reassured the belief 
that graphomotor latencies are diagnostic of subtle decrements in cognition even though 
the correct output of an analog clock was drawn with no visible perceived impairments to 
the naked eye.  
All in all, results from this study further builds on the existing body of work that 
suggests that cardiovascular fitness is correlated with greater cognitive constructs which 
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are fundamental for memory formation and decision making in older adults. It reassures 
the idea of aerobic exercise as an effective intervention for enhancing cognition and 
delaying cognitive decline over time in aging adults and AD patients. 
 As researchers continue to work towards a cure for neurodegenerative diseases 
such as AD, exercise therapy has shown great promise as a neurodegenerative protector 
of the brain and in improving the overall quality of life for the geriatric population.  
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